The ability to taste phenylthiocarbamide (PTC) is a classic phenotype that has long been known to vary in human populations. This phenotype is of genetic, epidemiologic, and evolutionary interest because the ability to taste PTC is correlated with the ability to taste other bitter substances, many of which are toxic. Thus, variation in PTC perception may reflect variation in dietary preferences throughout human history and could correlate with susceptibility to diet-related diseases in modern populations. To test R. A. Fisher's long-standing hypothesis that variability in PTC perception has been maintained by balancing natural selection, we examined patterns of DNA sequence variation in the recently identified PTC gene, which accounts for up to 85% of phenotypic variance in the trait. We analyzed the entire coding region of PTC (1,002 bp) in a sample of 330 chromosomes collected from African ( ), Asian ( ), European ( ), and North American ( ) populations by use of new stan p 62 n p 138 n p 110 n p 20 tistical tests for natural selection that take into account the potentially confounding effects of human population growth. Two intermediate-frequency haplotypes corresponding to "taster" and "nontaster" phenotypes were found. These haplotypes had similar frequencies across Africa, Asia, and Europe. Genetic differentiation between the continental population samples was low ( ) in comparison with estimates based on other genes. In ). P ! .01 These results combine to suggest that balancing natural selection has acted to maintain "taster" and "nontaster" alleles at the PTC locus in humans.
Introduction
Variation in the ability to taste the synthetic compound phenylthiocarbamide (PTC [MIM 171200]) was first recognized in the early 1930s, when A. J. Fox discovered the polymorphism in himself and a coworker, organic chemist C. R. Noller (Anonymous 1931; Fox 1932) . The inability of some individuals to taste PTC was found to segregate in a nearly Mendelian recessive manner (Blakeslee 1932) , and subsequent studies went on to estimate the frequency of presumed "taster" and "nontaster" alleles in hundreds of populations worldwide (Guo and Reed 2001) . These studies showed that the frequency of the nontaster allele in human populations (estimated under the assumption that the inability to taste PTC is attributable to the recessive allele in a one-locus, two-allele system) varies around a mean of ∼50%, as shown in figure 1.
Although PTC itself has not been found in nature, the ability to taste PTC is correlated strongly with the ability to taste other naturally occurring bitter substances, many of which are toxic (Harris and Kalmus 1949; Barnicot et al. 1951; Tepper 1998) . Furthermore, variation in PTC taste sensitivity has been correlated with dietary preferences that may have significant health effects (Bartoshuk et al. 1994) . For example, PTC is similar in structure to isothiocyanates and goitrin, both of which are bitter substances found in cruciferous vegetables like cabbage and broccoli (Tepper 1998) . Variable aversions to these compounds have been implicated in the variable rates of thyroid-deficiency disease in PTC tasters and nontasters, with nontasters being more susceptible (Drewnowski and Rock 1995) .
The correlation of PTC perception with the perception of other toxic bitter substances and the association of the inability to perceive PTC with disease susceptibility combine to suggest that natural selection may have been an important factor in the evolution of this trait. R. A. Fisher hypothesized that the pervasive phenotypic variation in PTC perception is due to balancing Frequency of PTC "nontaster" allele, estimated from 348 populations described by Guo and Reed (2001) under the assumption that the inability to taste PTC is attributable to the recessive allele in a one-locus, two-allele system. natural selection, which may have favored heterozygotes (Fisher et al. 1939) . However, such hypotheses have been difficult to test without knowledge of the genetic underpinnings of the trait. The recent discovery of a gene that accounts for up to 85% of the phenotypic variance in PTC perception allowed us to address this problem Kim et al. 2003) .
Here, we describe an investigation of selective effects on the PTC gene by use of analyses of molecular genetic data. By examining patterns of DNA sequence variation, we were able to test the PTC gene for evidence of long-term selective pressures. As predicted by Fisher 160 years ago (Fisher et al. 1939) , we found support for the hypothesis that balancing natural selection has acted to maintain taster and nontaster alleles in human populations.
Methods
DNA sequences from the entire coding region of PTC (1,002 bp, 333 amino acids) were obtained by use of methods described in the work of Kim et al. (2003) and Drayna et al. (2003) Ambiguous haplotypes were resolved using molecular techniques. In such individuals, the two allelic versions of the gene were cloned as single PCR products and individual clones were sequenced to reveal both haplotypes. Phylogenetic relationships among haplotypes were inferred using the neighbor-joining algorithm of the PHYLIP software package (Felsenstein 1993) . This tree, which was rooted using the gorilla sequence, was then used to determine the polarity of character states. Evolutionary relationships among haplotypes were visualized using a minimum spanning tree generated by the ARLEQUIN computer program (Schneider et al. 2000) . Tajima's D (1989) and Fu and Li's D and F statistics (1993) were used to test the hypothesis that patterns of diversity in humans are consistent with the hypothesis of neutrality. To avoid confusion, we refer to Tajima's D as " " and Fu and Li's D as " ." These tests were D D T F performed by simulating 10,000 gene genealogies and comparing statistics obtained from the simulations with the observed statistic, as described by Tajima (1989) and Fu and Li (1993) . To incorporate varying assumptions about population size change in human populations, these simulations were performed using the algorithm of Rogers (1995) . This algorithm assumes that
Figure 2
Variable nucleotide positions in PTC haplotypes. Each haplotype is summarized in two rows. The top row summarizes nucleotide variation in the haplotype, and the bottom row summarizes amino acid variation in the haplotype. Each column represents a codon containing a variable nucleotide position, indicated at the top of the column. The number of occurrences of each haplotype is indicated to the right for the African (Af), Asian (As), European (Eu), and North American (NA) samples. Haplotype counts are not given for the chimpanzee and gorilla haplotypes (ptA and ggA, respectively), which were each observed twice. Shaded columns indicate the three variable amino acid positions used for haplotype designation by Kim et al. (2003) .
human population sizes increased suddenly from an ancient population size ( ) to a larger population size N 0 ( ), t generations ago, with infinite-sites mutation rate N 1 m. Patterns of genetic diversity produced under these conditions approximate those produced under more complicated conditions, such as exponential and logistic growth (Wooding and Rogers 2002) .
Tests for excesses of synonymous and nonsynonymous nucleotide substitutions were performed using the methods of McDonald and Kreitman (1991) and Li et al. (1985) . The McDonald-Kreitman test (McDonald and Kreitman 1991) uses a Fisher's exact test to determine whether the ratio of synonymous and nonsynonymous substitutions differs between two categories: polymorphisms that are variable within species and polymorphisms that distinguish species (i.e., fixed differences). We used the McDonald-Kreitman test to examine polymorphisms found in humans and chimpanzees. The K /K A S test determines whether there is an overall excess of synonymous or nonsynonymous nucleotide substitutions (Li et al. 1985) .
Tests for genetic differentiation between populations were performed using Slatkin's linearized statistic F ST (Slatkin 1991) . The statistical significance of these values was assessed using the bootstrap method of Excoffier et al. (1992) , in which observed values are compared with values simulated by randomly allocating chromo-F ST somes to different populations. These tests used 10,000 bootstrap replications.
Results and Discussion
DNA sequencing revealed five variable nucleotides in humans. These variants were partitioned into seven haplotypes, as shown in figure 2. The chimpanzee and gorilla were both homozygous at all nucleotide positions and thus carried one haplotype each. Human and chimpanzee sequences differed by an average of 8.3 nucleotides, as did human and gorilla sequences. The chimpanzee and gorilla sequences differed by six nucleotides.
All five nucleotide substitutions observed in humans caused amino acid substitutions, as did three of the six substitutions distinguishing human and chimpanzee. The observed rate of nonsynonymous substitution was substantially higher than is usually observed in human genes, suggesting that positive natural selection may have acted to preserve new nonsynonymous variants (Makalowski and Boguski 1998; Yang and Bielawski 2000; Nekrushenko et al. 2001; Bamshad and Wooding 2003) . To test the hypothesis that an excess of nonsynonymous substitutions was present, we first analyzed the human and chimpanzee sequences by use of a McDonald-Kreitman test (1991), as described in the "Methods" section. This test showed that the excess of nonsynonymous substi-
Figure 3
Minimum spanning tree of relationships between PTC gene haplotypes and haplotype frequencies. A, Each circle represents a haplotype, and the size of each circle represents the haplotype's relative frequency. Within each circle, shading indicates the fraction of observations in the population indicated. Each connection between haplotypes corresponds to one nucleotide substitution, except where indicated by parentheses. For example, haplotype A differs from haplotype E by one nucleotide, but it differs from the chimpanzee haplotype by six nucleotides. Differences between haplotypes can be determined from figure 2. The three-letter codes above the network diagram indicate the haplotype designation used by Kim et al. (2003) . B, Haplotype frequencies in each sample. tutions observed in humans was not statistically significant ( ). A test showed that the overall ratio
of synonymous to nonsynonymous substitutions did not differ significantly from expectation under neutrality ( ). These nonsignificant results may be attribut-P 1 .10 able to the low number of polymorphisms observed, which weakens the tests. Thus, although notable for being higher than in most genes, the bias toward nonsynonymous variants in our sample was not sufficient to reject the hypothesis of neutrality.
The minimum spanning tree revealed that the human sample was dominated by two major haplotypes, hsA and hsG, differing by three amino acid substitutions, as shown in figure 3A . These two haplotypes, which account for 190% of sampled chromosomes ( fig. 3) , are strongly associated with taster (hsA) and nontaster (hsG) status, respectively . In addition, the hsA and hsG haplotypes were both found at intermediate frequencies: 0.55 and 0.38. A variety of factors, including population subdivision and balancing natural selection, can lead to the presence of two or more intermediate-frequency haplotypes in gene genealogies (Marjoram and Donnelly 1994; Bamshad and Wooding 2003) . The evolution of two or more intermediate-frequency clusters is also surprisingly common under selectively neutral conditions (Slatkin and Hudson 1991) .
To test whether patterns of DNA sequence variation in PTC fit expectations under the hypothesis of evolutionary neutrality, we analyzed the sequences by use of the , , and F statistics. These statistics are functions D D
T F of the number of variable nucleotide positions in a sample of sequences, the mean pairwise difference between sequences, and the number of derived variants that are only observed once in the sample, all of which are affected by natural selection (Tajima 1989; Fu and Li 1993) . For example, positive natural selection leading to the rapid fixation of a single, advantageous haplotype will result in a decrease in the expected number of polymorphic sites, a decrease in the mean pairwise difference between sequences, and an increase in the number of variants observed only once in the sample (Fu and Li 1993) . In contrast, balancing natural selection can lead to an increase in all three of these values (Fu and Li 1993 (Ruhlen 1994; Klein 1999; Stiner et al. 1999; Excoffier 2002) . Such growth is known to have strong effects on genetic diversity (Rogers and Harpending 1992) . For example, diversity patterns in populations that have grown are often characterized by an excess of low-frequency genetic variants and a low mean pairwise difference between sequences, both of which lead to reductions in the expected values of all three of the statistics we tested (Wooding and Rogers 2002) .
Given evidence for population increase in the Upper Pleistocene and the possible effects of this growth on patterns of genetic diversity, the assumption of constant population size is likely inappropriate.
To investigate the possibility that incorrect assumptions about population history were causing a type II statistical error (i.e., a failure to reject the null hypothesis of neutrality when it is false) in our initial tests, we devised new tests of the , , and F statistics that D D
T F take population growth into account. These tests were performed as described in the "Methods" section, under the assumption that human populations increased suddenly from an ancient effective population size of 10,000 to a larger effective population size, , for population histories with magnitudes of population growth from 1-fold to 1,000-fold and dates of population expansion from 0 to 200,000 years ago. This procedure revealed that tests of all three statistics are highly sensitive to assumptions about population growth. For example, the assumption of 100-fold growth 100,000 years ago resulted in a change of 's D T P value from .07 to .01, as shown in figure 4A . CIs generated for the statistic showed that the hypothesis D T of neutrality was rejected (at a two-tailed P value cutoff of .025) under all population histories in which the human population expanded between 15-fold and 1,000-fold between 10,000 and 200,000 years ago, as shown in figure 4B . In addition, under the population history parameters for which observed values dif-D T fered significantly from expectation, the values were greater than expected. Thus, our data departed from expectation in a direction consistent with the hypothesis of balancing natural selection (Tajima 1989; Fu and Li 1993) . Results were similar for CIs generated using the and F statistics, which rejected the hypothesis of D F neutrality for all population histories in which the human population expanded between 15-fold and 1,000-fold between 30,000 and 200,000 years ago. Thus, the hypothesis of neutrality in PTC was rejected by these tests under all but the most conservative assumptions about population growth in humans.
The sensitivity of the , , and F statistics to pop-D D T F ulation growth has implications beyond the detection of natural selection in PTC. All three of these statistics are widely used in tests for natural selection in humans, usually under the assumption that human population sizes have remained constant (Tishkoff and Verrelli 2003) . As we have shown, this assumption is highly conservative in the detection of balancing natural selection. However, the assumption of constant population size is anticonservative in the detection of positive natural selection, which leads to reductions in diversity nearly identical to those caused by population growth (Tajima 1989; Fu and Li 1993 can also be caused by population subdivision, which allows the persistence of divergent haplotypes in different geographical regions (Kaplan et al. 1991; Hudson et al. 1992; Wakeley 2001; Laporte and Charlesworth 2002) . In our analyses, two sources of population subdivision were potentially important: subdivision between continents and subdivision within Africa. Population subdivision between continents is not large (Tishkoff and Verrelli 2003) , but it could be sufficient to confound statistics like , , and F. To test D D T F the hypothesis that the presence of the two intermediatefrequency haplotypes in our data is the result of subdivision between continents, we analyzed patterns of genetic differentiation among continental populations by use of the F ST statistic, which compares the level of genetic diversity within subpopulations to levels of diversity in the population as a whole (Hartl and Clark 1997) . In our data, diversity patterns were driven largely by the frequencies of the hsA and hsG haplotypes, which were present at similar frequencies in most populations, as shown in figure 3 . The value observed among all F ST four continental samples was 0.056. This value is significantly different from zero ( ) but is lower P ! .025 than is typically observed in nuclear genes, which generally have values of ∼0.15 (Przeworski et al. 2001; Schneider et al. 2003; Tishkoff and Verrelli 2003; Watkins et al. 2003 ). This value is lower than 80% of F ST NOTE.
-P values given are the fraction of simulations that yielded a greater value than observed. The "Growth" columns show P values calculated under the assumption that, 100,000 years ago, the human population expanded 100-fold.
those reported for 25,549 SNPs by Akey et al. (2002) , for instance, and is also lower than 45% of those reported for 1,627 genes by Schneider et al. (2003) . The latter sample would be expected to have exceptionally low values because it included a large number of F ST individuals from admixed populations, such as AfricanAmericans and Hispanic-Latinos. The observed in F ST our sample suggests that continental populations are less different with respect to variation in PTC than they are with respect to most other genes, not more different as would be expected if population subdivision or local adaptation had occurred.
Between-continent values were strongly affected F ST by the inclusion of the North American sample, owing to the very high frequency of the hsA haplotype (0.95) in that group. The value excluding the North Amer-F ST ican sample was substantially lower than for the sample as a whole: 0.025. This value is significantly greater than zero ( ) but is lower than 75% of values P ! .025 F ST reported by Schneider et al. (2003) and lower than 90% of values reported by Akey et al. (2002) . The strong effect of the North American sample could be due to a variety of factors. First, our North American sample is small and may not provide an accurate representation of genetic diversity in North Americans. Estimates of the frequency of nontaster alleles in larger North American samples vary widely (Cavalli-Sforza et al. 1994) . Second, archaeological and linguistic evidence suggest that North America was not inhabited by humans until recently (∼15,000 years ago) (Goebel 1999; Nettle 1999) , and genetic evidence suggests that North and South American populations descended from a relatively small number of founders that entered the Americas via the Bering Strait (Torroni et al. 1993a (Torroni et al. , 1993b . Both of these factors can have strong effects on val-F ST ues (Urbanek et al. 1996) .
Evidence for extensive subdivision has also been found within Africa (Schneider and Excoffier 1999; Tishkoff and Williams 2002; Yu et al. 2002) Taken together, three lines of evidence suggest that balancing natural selection has acted to maintain high levels of diversity in human populations. First, two haplotypes strongly associated with functionally divergent phenotypes dominate the sample. Second, under reasonable assumptions about human population history, the distribution of polymorphism frequencies in our sample has significantly more intermediate-frequency variants than expected under neutrality ( ). Third, P ! .01 the geographical distribution of the taster and nontaster alleles is not consistent with the hypothesis that they have arisen through population subdivision within or between continents. Thus, R. A. Fisher's hypothesis that balancing natural selection has maintained taster and nontaster alleles appears to hold true in humans (Fisher et al. 1939) .
It is of some interest that one of the original motivations for R. A. Fisher's balancing selection hypothesis was his finding that variation in PTC perception exists in chimpanzees and orangutans, as well as in humans (Fisher et al. 1939 ). Fisher's observation raises a basic question: does the divergence of the PTC taster and nontaster alleles pre-date the divergence of humans and chimpanzees? This question cannot be answered with accuracy by use of our data because such a small number of mutations (five) are present in humans and also because our data from chimpanzees are limited. However, under the assumption that the nucleotide substitution rate in PTC is 10 Ϫ9 /site/year, the estimated divergence date of the hsA and hsG haplotypes is ∼1.5 million years. This estimate has a variance that is larger than the estimate itself. However, if correct, the date implies that the human taster and nontaster alleles diverged after humans and chimpanzees did, ∼5 million years ago. Thus, given that the taster allele is ancestral in humans it seems unlikely that humans and apes share commonly derived nontaster alleles. We propose an alternative hypothesis-that PTC alleles conferring nontaster status evolved independently in humans and apes.
Evidence for balancing selection at the PTC locus does not imply that other selective pressures have been absent. For instance, it is possible that positive natural selection led to the rapid evolution of the nontaster allele, which was then maintained by balancing selection. This possibility might explain the unusually large number of nonsynonymous nucleotide substitutions found in this gene. It is also possible that specific PTC alleles have been favored by positive natural selection in particular environments, resulting in local adaptation. Such effects might account for the high frequency of PTC taster alleles in New World populations and the significant low , , and F in our North American sample.
D D T F
The mechanism through which balancing natural selection has maintained divergent PTC alleles in human populations remains unclear. No stop codons or deletions, which might yield nonfunctional alleles, have yet been found at the PTC locus. In addition, although several haplotypes are present in our sample, two account for 190% of observations: hsA and hsG. If nontaster alleles were simply "broken" taster alleles, it seems likely that a greater diversity of nontaster alleles would be expected (Harding et al. 2000) . One possibility is that PTC heterozygotes gain a fitness advantage through the perception and avoidance of a larger repertoire of bitter toxins than homozygotes. We hypothesize that PTC nontaster alleles encode functional receptor molecules that bind to toxic bitter substances other than PTC. Definitive tests of this hypothesis will require additional information about the functional properties of the PTC protein.
